West JB. Carl Wilhelm Scheele, the discoverer of oxygen, and a very productive chemist.
obscurity as a pharmacist in Sweden. Added to this, his only book was not as accessible as the accounts of Priestley and Lavoisier. This being said, Scheele had an extraordinarily productive research career with not only oxygen but many other chemical discoveries to his credit.
Consistent with the comments above, Scheele has not attracted anything like the attention that writers have given to Priestley and Lavoisier. However, in 1892, A. E. Nordenskiöld published (in German) a comprehensive selection of the letters and notes of Scheele. This was a pioneering work because little attention had been given to Scheele's work since his death in 1786. Dobbin (16) Urdang (18) , who was director of the American Institute of the History of Pharmacy. This contains a very readable introduction to Scheele's life and work. Other good accounts are Frängsmyr (7) and Boklund (3) . An English translation of Scheele's book Chemical Treatise on Air and Fire, including front matter not available in Dobbin (16) , was made by J. R. Forster in 1780 and is available on the Internet at http://tinyurl.com/mnqp2v9 (14) . Partington (10) is authoritative on Scheele's chemistry discoveries.
Brief Biography
Scheele was born in Stralsund, a city in western Pomerania, now part of Germany. However, at the time this area was under Swedish jurisdiction. The city is on the Baltic coast about 140 km due south of Malmö. Scheele's father was a rather unsuccessful brewer and corn-chandler. When Carl was 14 he moved to Gothenburg, Sweden to be an apprentice pharmacist. There he developed an interest in chemistry and apparently carried out experiments late in the night using the chemicals available in the pharmacy. He also read widely including the work of Georg Ernst Stahl (1659 -1734), who was one of the main proponents of the phlogiston theory. Later Scheele moved to Malmö, where he worked with C. M. Kjellström, who had scientific interests. There Scheele also made contact with Anders Retzius, who was a prominent chemist at Lund University.
A little later Scheele went to Stockholm to work in another pharmacy, but after two years he moved again, this time to Uppsala, which was a celebrated academic center. Here he was the director of the laboratory of a large pharmaceutical com-pany, and he became acquainted with Torbern Bergman (1735-1784) (Fig. 2) , who was a professor of chemistry at the eminent university there. Bergman was well known for his work on chemical affinities, that is the properties that allow dissimilar chemical species to form compounds. He also contributed to the theory of crystal structure and worked on the crystal structure of some minerals. The uranium crystal, torbernite, is named after him. Bergman asked Scheele to help with a problem involving potassium nitrate and acetic acid, and later this study led to the discovery of oxygen (see below). Bergman remained a strong advocate of Scheele and wrote a long introduction to Scheele's book Chemical Treatise on Air and Fire. Bergman later called Scheele his greatest discovery.
After five years in Uppsala, Scheele moved to Köping, a small town to the west of Stockholm, where he set up his own business as a pharmacist (Fig. 3) . Much of his extensive research was done in this somewhat isolated setting. In fact, although the building shown in Fig. 3 looks modest, most of Scheele's chemical research was actually done in a wooden barn in the courtyard behind the house. However, his abilities were recognized and he was elected as a member of the Royal Swedish Academy of Sciences. Scheele died at the comparatively early age of 43 and it is thought that his habit of tasting various dangerous chemicals may have been a factor in his demise (see below).
The Discovery of Oxygen
As indicated above, Scheele's studies that eventually resulted in the discovery of oxygen began when he was at Uppsala and he was asked by Torbern Bergman to clarify a problem that occurred when saltpeter (potassium nitrate) was heated with acetic acid and then produced a red vapor, which was nitrogen dioxide. Apparently Bergman asked Scheele's advice because he was concerned about the purity of the saltpeter. When we start to track the events that led up to the discovery of oxygen at this time, a serious problem is that the information about Scheele's actual experiments comes only from notes and letters. These were subsequently published in German by Nordenskiöld (15) and an English translation of some of this material is available (16) . The fact that Scheele's work was only described in notes at this stage, some of which are difficult to decipher, makes the identification of the timeline for the discovery of oxygen challenging.
According to Partington (10) , Nordenskiöld concluded from his study of the manuscripts that most of the work was completed in 1773, but some of the experiments, including the preparation of oxygen by heating potassium nitrate, go back to 1770. Other authors claim that in the earliest experiments oxygen was produced by heating manganese dioxide with sulfuric acid (4) . "Vitriol air" is an early term that was used by Scheele for oxygen, and this occurs in a manuscript referred to as number 52 from the Uppsala period with dates of 1770 -1771.
Scheele produced oxygen by heating a variety of substances including mercuric oxide, as did Priestley. Scheele also obtained the gas by heating potassium nitrate, silver carbonate, manganese nitrate, and manganese oxide. He reported that the resulting gas was odorless and tasteless and supported the combustion of a candle more than air. Figure 4 reproduces his account from his book (see below), which is here given in an English translation (14) . In a summary of Scheele's experiments written by Bergman in 1775, he stated that the gas formed by heating oxides of mercury, silver, and gold supported both combustion and respiration better than common air (10). Scheele's later name for oxygen, "Feuerluft" (fire-air), was first used in 1775.
It is therefore clear that Scheele's first experiments occurred two or three years before Priestley first produced oxygen because his date is well established (5). His famous account reads "On 1 st of August, 1774, I endeavored to extract air from mercurius calcinatus per se [mercuric oxide], and I presently found that . . . air was expelled from it very readily . . . but what surprized me more than I can well express, was, that a candle burned in this air with a remarkably vigorous flame . . . I was utterly at a loss how to account for it" (12). Priestley first published his discovery in 1775 (11).
Scheele described his historic discovery of oxygen for the outside world in his only book Chemische Abhandlung von der Luft und dem Feuer (Chemical Treatise on Air and Fire) (13) . The title page of this is shown in Fig. 5 . The book was written in the autumn of 1775 and sent to Bergman early in 1776. However, it was not published until 1777, that is 2 years after Priestley's first publication of the discovery of oxygen. Scheele blamed his publishers for the delay but of course Scheele was tardy in writing up his work for publication. Probably he did not concern himself greatly with the issue of priority in the early 1770s. There is some evidence that Scheele first learned of Priestley's work in November 1775 although it is also suggested that Scheele's first knowledge of Priestley's discovery was in a letter from Bergman of August 1776. An English translation of Scheele's book by J. R. Forster was published in 1780 (Fig. 6) . The front matter includes a letter to Priestley from the translator, and in the notes at the end of the book is a letter to Scheele from Priestley.
There is also a fascinating link with Lavoisier that is important in the context of the history of the discovery of oxygen. In 1774 Scheele wrote a letter to Lavoisier, a draft of which is now in the Centre for History of Science at the Royal Swedish Academy of Sciences in Stockholm (1). It was recopied and sent to Lavoisier on September 30. Remarkably, it was thought to have disappeared but was discovered in the Archives of the French Académie des Sciences in 1890 by Edouard Grimaux (8) . The letter is in French but a translation is as follows:
Sir, I have received through Secretary Wargentin a book, which he says that you have had the goodness to give me (as a present). Although I do not have the honor of being known by you, I am taking the liberty of thanking you very humbly. I desire nothing with as much (passion) ardor as to be able to show you my gratitude.
For a long time I have wanted to be able to read an account of all the experiments that have been done in England, in France and in Germany on the many kinds of air. You have not only satisfied this wish, but by new experiments you have given scientists in the future the most beautiful opportunities to better examine fire and the calcination of metals.
During the past several years I have carried out experiments on several kinds of air, and I have also spent a good deal of time in discovering the singular properties of fire, but I have never been able to prepare ordinary air from fixed air: I have tried many times, following the opinion of M. Priestley, to produce an ordinary air from fixed air by a mixture of iron filings, sulfur, and water, but I have never succeeded because fixed air always united with the iron and made it soluble in the water. Perhaps you do not know a way to do this either.
Because I do not have any large burning glass, I beg you to carry out an experiment (a trial) with yours in this way: Dissolve some silver in nitrous acid and precipitate it with alkaline tartrate, wash the precipitate, dry it, and reduce it with the burning glass in your machine, fig. 8 , but because the air in this bell jar (this receiver) is such that animals die in it and a part of the fixed air separates from the silver in this operation, it is necessary to place a bit of quick lime in the water where one has put the bell, so that this fixed air joins more quickly with the lime. This is the way that I hope that you will see how much air is formed during this reduction, and whether a lighted candle can keep burning and animals live in this air it. By this experiment you will do me a great favor. I would be infinitely obliged if you would inform me of the result of this experiment. I have the honor of remaining with great esteem, Monsieur, your very humble servant. Uppsala, the __ September, 1774.
Note particularly the section " . . . I hope that you will see how much air is formed during this reduction, and whether a lighted candle can keep burning and animals live in this air." The original French reads: "j'espère que vous verrés combien d'air se produit pendant cette réduction, et si une chandelle allumée pouvait soutenir la flame, et les animaux vivre là-dedans."
This dramatic phrase essentially announces the discovery of oxygen, and the significance could hardly have escaped Lavoisier. However, he never acknowledged receiving Scheele's letter and it has even been suggested that Lavoisier's wife hid the letter from her husband to allow him to claim credit for the discovery of oxygen (17) . This rather scandalous assertion was included in an entertaining play on the discovery of oxygen (6) . It should be added that an unfortunate characteristic of Lavoisier was his repeated failure to acknowledge contributions made by other scientists. The chemist Joseph Black among others accused him of this. It is also relevant here that Priestley visited Lavoisier in Paris in October 1774 and had dinner with him. At that time he told Lavoisier about his own experiments with oxygen.
Scheele's book Chemische Abhandlung von der Luft und dem Feuer is a substantial book consisting of 97 numbered paragraphs (13) . There is a long introduction by Bergman, who reaffirms that Scheele's discovery of oxygen preceded Priestley's publications. In the preface, Scheele himself states that he had completed the greater part of his experiments before he obtained sight of Priestley's elegant observations. The book begins with studies showing that atmospheric air is made up of two kinds of "elastic fluids." The first is "fire air," which we now know as oxygen. The second is variously translated as "spoiled" or "vitiated" or "foul" air. This is nitrogen. The proportion of the two components was given by Scheele as about 1 to 3. However, in a supplement to the book published in 1779 he revised the proportion of fire air to total air as 9/33rds, which is 27%. The actual value is 21%. Much of the latter part of the book is devoted to the properties of fire and light and is of less interest to us today. As mentioned earlier, both Scheele and Priestley interpreted all their results in the light of the phlogiston theory. It was left to Lavoisier to demolish this and thus describe the true nature of oxygen.
Although it is generally acknowledged that the trio of Scheele, Priestley, and Lavoisier were responsible for the discovery of oxygen and understanding its nature, two previous investigators should be mentioned. One is John Mayow (1661-1679), who was a talented English experimentalist and stated that air contained a material that he named "nitro-aerial spirit." He argued that both animals and flames expired in a closed vessel "for want of nitro-aerial particles" but Mayow never generated oxygen. Another somewhat mysterious person whose claims have only recently been recognized was the Polish alchemist Michael Sendivogius (1566 -1636). He heated saltpeter (potassium nitrate) and referred to the gas produced, which included oxygen, as the "food of life." However, this work was not apparently picked up by other chemists. More information is at www.sendivogius.pl.
Scheele's Other Discoveries
This essay concentrates on the discovery of oxygen because this is clearly Scheele's most important contribution in the context of the history of respiratory physiology. However, Scheele made many other important discoveries in the field of chemistry and indeed in his short lifespan of 43 years; some authorities state that he discovered more elements (seven) than any other scientist. For example, it can be argued that Scheele discovered chlorine, oxygen, manganese, barium, molybdenum, tungsten, and fluorine. However, this assessment can be confusing. For example Scheele's chlorine was in fact a mixture with air, and the true nature of chlorine was first described by Humphry Davy. Indeed Davy certainly deserves an important place for "bean counters" since he discovered eight elements: lithium, boron, sodium, magnesium, potassium, calcium, strontium, and barium. Little is to be gained by odious comparisons of these giants in the history of chemistry but the bottom line is that Scheele was enormously productive despite his low profile.
For a full account of Scheele's discoveries apart from oxygen, Partington (10) should be consulted. Scheele had a strong interest in mineralogy, and an early investigation was on mineral known as black magnesia or pyrolusite, that is manganese dioxide. Scheele showed that this substance was a strong oxidizing agent and he also discovered manganese in plant ashes. Scheele's research on manganese led him to the discovery of chlorine when he dissolved the pyrolusite in hydrochloric acid and warmed it in a retort. He showed that the gas was a strong bleaching agent, it attacked many metals, and when combined with soda it formed common salt. Scheele also worked on fluorspar, a mineral form of calcium fluoride. By distilling this material with sulfuric acid he produced hydrofluoric acid and recognized its powerful corrosive properties. He also prepared a number of its salts, that is fluorides. A further area of research was the chemical properties of bone and horn. By treating bone ash with sulfuric acid, he obtained phosphoric acid.
Another mineral studied by Scheele was molybdenite, that is molybdenum sulfide. By treating this in various ways with nitric acid and solvents he obtained molybdenum. Scheele also discovered tungsten trioxide, which he obtained by boiling calcium tungstate, now known as scheelite. Scheele also worked on some of the properties of arsenic. He prepared copper arsenite, which has a brilliant green color, and this is now known as "Scheele's green." An informative listing of Scheele's discoveries is as follows (18) : gases included oxygen, chlorine (though not in pure form), ammonia, and hydrochloric acid gas. Inorganic acids included hydrofluoric, nitrosulfonic, nitrous, molybdic, tungstic, and arsenic. Organic acids included lactic, gallic, pyrogallic, oxalic, tartaric, malic, mucic, and uric. Scheele also isolated glycerin and lactose and determined the composition of borax and Prussian blue (ferric ferrocyanide). He invented new processes for preparing ether, calomel, magnesia, and phosphorus. Incidentally his work on phosphorus was important in the development of the large Swedish match industry. His observation that different parts of the solar spectrum influence the decomposition of silver chloride to different degrees was important in the development of photography.
Partington finishes his section on Scheele's chemical discoveries with the following assessment "Every chemist who has attempted research will look over the record of Scheele's discoveries . . . with astonishment and admiration. Astonishment at the great volume of discoveries which he made in his short life in such disadvantaged circumstances; admiration of the way in which he carried out his work and the fundamental importance of it all."
Scheele's Death
In 1785, Scheele became ill with symptoms of renal disease. A short time later he developed a disease of the skin although its nature is not clear. However, remarkably, as his disease progressed, he decided to marry the widow of the man who had owned the pharmacy in Köping before he did. Her name was Margareta Pohl and they were married only 3 days before he died.
Because this series of events was so unusual, I sought further information. Apparently when Scheele moved to Köping in 1775, he became "provisor" of the pharmacy there. The pharmacist Pohl had died and the license thereby went to his widow, Margareta, born Sonneman. "Provisor" (a title used up to 1819) meant to manage a pharmacy without owning it. In 1776, another apothecary who was wealthy offered widow Pohl such a profitable price that she decided to accept it and sell the store. However, Scheele bought the license from the widow, promising to marry her. Such an arrangement was called "to preserve the widow" and was mostly used within the church, when a vicar in a parish had died. But Scheele apparently did not have the time or inclination to take this important step. Shortly before he died, however, he married widow Pohl, and by this arrangement the license went over to her again. This information was given to me in a letter from Tore Frängsmyr. His biography of Scheele has already been referred to (7) .
Possible reasons for Scheele's early death have been discussed. Scheele had developed a habit of tasting various chemicals that he worked on. Since these included arsenic, lead, and other toxic materials, it has been suggested that these were a factor in his demise. In the event he died at the early age of 43 in May 1786 at his home in Köping.
In summary, Scheele remains something of an enigma. There is no doubt that he was the first person to produce oxygen and describe some of its important properties. He was also enormously productive in other areas of chemistry. However, all this was done by a man of low profile who moved a number of times during his professional life and who never developed a recognizable laboratory. His life forms a dramatic contrast to those of Priestley and Lavoisier, who were the other members of the trio who discovered oxygen and clearly understood what it was.
Perhaps there is a lesson here about the importance of not delaying publication of important discoveries. The relative obscurity of Scheele is due to the fact that, although he clearly was the first person to prepare oxygen, he was slow to report it, and as a result everybody knows about the contributions of Priestley and Lavoisier. As indicated earlier, Scheele was rather self-effacing and worked in comparative obscurity and perhaps did not give a lot of thought to priority of publication. In this "publish or perish" age, his experience might serve as a wake-up call for young scientists with the message that timely publication is essential.
